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ABSTRACT 
We present zircon U–Pb ages, major and trace element analyses, and zircon Hf 
isotope data on the Late Cretaceous–Paleocene granitoids at the southern end of the 
Sikhote-Alin Orogenic Belt of the Russian Far East. These data are used to discuss 
the petrogenesis of the granitoids in the context of the paleo-Pacific subduction 
beneath the eastern Eurasia . Zircons from four granitoid samples give emplacement 
ages of ~ 56, ~ 83, ~ 91, and ~ 92 Ma. These granitoids with high SiO2 (73.43–76.76 
wt.%) are metaluminous to weakly peraluminous (A/CNK = 0.97–1.03) and belong to 
the high-K calc-alkaline series (K2O = 3.75–4.95 wt.%). They are all enriched in light 
rare earth elements (LREEs) and large ion lithophile elements (LILEs), and relatively 
depleted in high field strength elements (HFSEs) with striking depletion also in Ba, Sr, 
P and Eu. They are petrographically and geochemically consistent with being of 
I-type granitoids. The zircons have Hf (t) values (–0.8 to +7.6) higher than 
whole-rock Hf (t) values predicted from whole-rock εNd (t) (-4.1 to +0.5) in the 
literature. All these observations suggest that primary magmas parental to these 
granitoids were likely to have derived from partial melting of a juvenile lower crust 
accompanied by assimilation with ancient mature crust during magma ascent and 
evolution. A recent study illustrates that the collision of an exotic terrane carried by 
the paleo-Pacific plate with the continental China at ~ 100 Ma accreted the basement 
of the Chinese continental shelf (beneath East and South China Seas), and resulted in 
a new plate boundary of transform nature between the NNW moving paleo-Pacific 
plate and the eastern margin of the shelf. Our new data and analysis of existing data 
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 3 
support this hypothesis, but we hypothesize that this transform becomes 
transpressional in its northern segment with oblique subduction of the paleo-Pacific 
plate beneath northeastern Asia as manifested by the Late Cretaceous-Paleocene 
granitoids in the Russian Far East-NE China (97-56 Ma) and South Korea-SW Japan 
(96-71 Ma). These tectonic and magmatic events took place prior to the opening of 
the Huanghai, Bohai and Japan seas, which are of rift-origin from continental China 
much later. Our study emphasizes the necessity and significance of plate tectonics 
reconstruction in the greater northwestern Pacific region since the Cretaceous.  
Keywords: Sikhote-Alin Orogenic Belt; Late Cretaceous–Paleocene; granitoids; 
petrogenesis; oblique subduction; paleo-Pacific plate 
 
1. Introduction 
The Russian Far East and Northeast (NE) China comprise several massifs and 
terranes between the Siberia and North China cratons (Fig. 1a), including the Erguna, 
Xing’an, Songliao and Bureya–Jiamusi–Khanka massifs and the Sikhote-Alin 
Orogenic Belt (SAOB; Fig. 1a; Kotov et al., 2009; Li et al., 2010; Sorokin et al., 
2010a; Sun et al., 2013; Wu et al., 2005; Yu et al., 2008; Zhou et al., 2011). 
Subduction of the paleo-Pacific plate beneath the Eurasian plate has been thought to 
play a predominant role in the Mesozoic-Cenozoic geology of the eastern Asian 
continent. However, the late Early Cretaceous-Paleocene tectonic setting of the 
northeastern Asian continent remains debatable. Some researchers consider that the 
eastern Russian Far East was in a transform contact with the paleo-Pacific plate 
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during the time period of 130-100 Ma and in the Paleocene, but was a subduction 
environment in the Late Cretaceous (Gonevchuk et al., 2010; Khanchuk et al., 2001; 
Sorokin et al., 2005, 2010b). Others argue that the Russian Far East and NE China 
were geologically active continental margin related to the subduction of the 
paleo-Pacific plate during 130-100 Ma (Faure and Natal’in, 1992; Kiminami and 
Imaoka, 2013; Sun et al., 2013; Wu et al., 2011; Xu et al., 2013). The exact position 
of the plate boundary, whether subduction or transform, is unknown. 
Indeed, an analysis of Jurassic-Cretaceous granitoid distribution in space and time 
in the eastern continental China by Niu et al. (2015) echoes the active continental 
margin associated with the paleo-Pacific subduction (though not an Andean-Type), 
but emphasizes the magmatic termination at ~ 90 Ma to have resulted from the 
paleo-Pacific re-orientation from NW to NNW, making the eastern margin of the 
Chinese continental shelf in transform contact with the NNW moving paleo-Pacific 
plate. While this hypothesis is logical and can effectively explain the magmatic 
termination as the result of the trench jam and accretion of Chinese continental shelf 
basement. It is predictable, however, that this transform boundary developed from the 
prior subduction may vary locally in nature depending on the orientation and 
geometry of the prior contact. We thus predict that the northern extension of the 
transform may be transpressional and subduction may continue obliquely. Indeed, our 
new data and analysis of existing data show that the Late Cretaceous-Paleocene 
magmatism in South Korea, Southwest (SW) Japan, and the Russian Far East, NE 
China is most consistent with this prediction. 
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We undertook zircon U–Pb dating and geochemical analysis of the granitoids 
exposed in the southern section of the SAOB. Our samples give older ages of ~ 92 
Ma in the interior, but younger ages at the coastal region, as young as ~ 56 Ma. 
Together with zircon U-Pb ages in the literature, the Late Cretaceous–Paleocene 
granitoids in the Russian Far East-NE China and South Korea-SW Japan range from 
97 Ma to 56 Ma, and from 96 Ma to 71 Ma, respectively. This study supports the 
hypothesis of transform boundary with oblique subduction of the eastern Asian 
continental margin from the Late Cretaceous to the Paleocene (see below). 
 
2. Geological background and sample descriptions 
The SAOB represents a collage of different terranes (Fig. 1b), whose formation 
was closely related to the paleo-Pacific plate subduction (Malinovsky and Golozubov, 
2011). The SAOB lies to the east of the late-Precambrian massifs – Bureya, Jiamusi 
and Khanka (Fig. 1). As shown in Fig. 1b, the SAOB is made up of several Mesozoic 
tectonostratigraphic terranes: the Jurassic Samarka, Nadanhada-Bikin, Khabarovsk, 
Badzhal, Ulban and Sergeevka terranes; the Early Cretaceous Taukha, 
Zhuravlevka-Amur, Kema and Kiselevka-Manoma terranes (Fig. 1b; Jahn et al., 2015; 
Kruk et al., 2014). 
A distinctive feature of the SAOB is that it is broken by a system of sinistral 
strike-slip faults, the most striking being the Central Sikhote-Alin Fault (Figs. 1b and 
2) with a displacement of ca. 200 km. The Fault was most active in the Early 
Cretaceous, and became inactive in the Late Cretaceous (Utkin, 1980). The 
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Mesozoic-Cenozoic magmatism in the SAOB mainly occurred in the Central 
Sikhote-Alin magmatic belt (CSAMB) and the East Sikhote-Alin Volcanic-Plutonic 
Belt (ESAVPB). The CSAMB includes many granitoid plutons and small volumes of 
basalt and andesite in the Zhuravlevka, Samarka and Nadanhada terranes (Simanenko 
et al., 2002). They were mostly emplaced in the Early Cretaceous and rarely in the 
Late Cretaceous to early Cenozoic (Jahn et al., 2015). The ESAVPB comprises a large 
volume of volcanic rocks (including basalt, andesite, and rhyolite) and numerous 
granitoid plutons in the Kema and Taukha terranes, which were emplaced in the Late 
Cretaceous to Middle Paleogene (Jahn et al., 2015). 
In this study, granitoid samples 14RF34, 14RF35, and 14RF37 are collected 
from the Samarka and Taukha terranes in the southern section of the SAOB (Figs. 1b, 
2). Note that the sample number, such as 14RF37, is a location number and in the 
case of more than one sample analyzed from a given location, the samples are further 
suffixed, e.g., 14RF37-1 and 14RF37-6. 
Sample 14RF34 is a monzogranite collected from an intrusion ~ 20 km east of 
Olga Town (Fig. 2; 43°43′44″N, 135°14′24″E). It is pink, medium-grained (Fig. 3a), 
and consists of quartz (~ 30%), plagioclase (~ 35%), orthoclase (~ 30%), biotite (~ 
3%), and accessory minerals (~ 2%) including zircon, apatite, and magnetite. 
Sample 14RF35 is a monzogranite collected from an intrusion ~ 12 km northeast 
of Valentin (Fig. 2; 43°09′50″N, 134°26′20″E). It is medium-grained (Fig. 3b), and 
consists of quartz (~ 29%), plagioclase (~ 27%), orthoclase (~ 40%), biotite (~ 2%), 
and accessory minerals (~ 2%), including zircon, apatite, and magnetite. 
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Sample 14RF37 is a syenogranite collected from an intrusion ~ 20 km north of 
Benevskoye (Fig. 2; 43°28′49″N, 133°47′34″E). The syenogranite samples from 
different locations show varying grain size. Samples 14RF37-1, -2, -3, -4, and-5 are 
medium-grained (Fig. 3c), whereas samples 14RF37-6, -7, -8, and -9 are 
coarse-grained (Fig. 3d). However, all the samples have similar modal mineralogy, 
i.e., quartz (~ 30%), plagioclase (~ 16%), orthoclase (~ 50%), biotite (~ 2%), and 
accessory minerals (~ 2%) including zircon, titanite, apatite and magnetite. 
 
3. Analytical methods 
3.1. Zircon U–Pb dating 
Zircons were separated from whole-rock samples using the conventional heavy 
liquid and magnetic techniques before handpicked under a binocular microscope, at 
the Institute of Geology and Nature Management, Far Eastern Branch of the Russian 
Academy of Sciences, Blagoveshchensk, Russia. The handpicked zircons were 
examined under transmitted and reflected light with an optical microscope. To reveal 
their internal structures, cathodoluminescence (CL) images were obtained using a 
JEOL scanning electron microscope housed at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geosciences, 
Wuhan (CUGW). Spots on zircons for analysis were chosen using the CL images. 
Zircon U–Pb analysis was done using an Agilent 7500a ICP–MS equipped with a 
193nm laser at CUGW. The zircon 91500 was used as an external standard for age 
calibration, and the NIST SRM 610 silicate glass was applied for instrument 
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optimization. The laser spot size was set to be 32 μm during the analysis. The 
instrumental conditions and analytical details are given in Yuan et al. (2004). The 
ICPMSDataCal (Ver. 6.7; Liu et al., 2008, 2010) and Isoplot (Ver. 3.0; Ludwig, 2003) 
programs were used for data reduction. Correction for common Pb was made 
following Anderson (2002). Errors on individual analyses by LA–ICP–MS are quoted 
at the 1σ level, while errors on pooled ages are quoted at the 95% (2σ) confidence 
level. The age data are given in Supplementary Table 1. 
 
3.2. Major and trace element analysis 
Bulk-rock samples were analyzed for major elements using XRF at the Institute of 
Geology and Nature Management, Far East Branch of the Russian Academy of 
Sciences, Blagoveshchensk, Russia and for trace elements using ICP–MS at the 
Institute of Tectonics and Geophysics, Far East Branch of the Russian Academy of 
Sciences, Khabarovsk, Russia. The precision of analyses for major and trace elements 
was 3–10%. The detailed analytical procedures are given in Sorokin et al. (2009). The 
data are given in Supplementary Table 2. 
 
3.3. Hf isotope analysis 
In situ zircon Hf isotope analysis was conducted using a Neptune Plus 
MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a 193 nm 
laser at the Institute of Geology and Geophysics, Chinese Academy of Sciences, 
Beijing, China (IGGCAS). The operating conditions for the laser ablation system and 
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the MC–ICP–MS instrument, as well as the analytical details are given in Wu et al. 
(2006). The present-day chondritic ratios of 
176
Hf/
177
Hf = 0.282785 and 
176
Lu/
177
Hf = 
0.0336 (Bouvier et al., 2008) were adopted to calculate εHf (t) values. Hf model ages 
were calculated as described in the literature (e.g., Amelin et al., 2000; Griffin et al., 
2000; Nowell et al., 1998). The Hf isotope data are given in Supplementary Table 3. 
 
4. Analytical results 
4.1. Zircon U–Pb dating 
The zircons selected for analysis are euhedral–subhedral and display oscillatory 
zoning (Supplementary Fig. 1), consistent with being of magmatic origin (Koschek, 
1993; Pupin, 1980).  
For sample 14RF34-1 (monzogranite), twenty-seven analyses yield two groups of 
weighted mean 
206
Pb/
238
U ages of 56 ± 1 Ma (MSWD = 2.1, n = 18) and 63 ± 1 Ma 
(MSWD = 0.22, n = 6) (Fig. 4a), with further three zircons yielding ages of ~ 70 Ma 
(n=2) and ~ 2640 Ma (n=1) (Supplementary Table 1). The youngest age of 56 Ma is 
considered to represent the crystallization age of the monzogranite (i.e., Paleocene). 
The older zircon grains with 
206
Pb/
238
U ages of ~ 63, ~ 70, and ~ 2640 Ma are likely 
captured zircon crystals entrained by the monzogranite. However, these older grains 
cannot be distinguished from those of the ~ 56 Ma crystals on CL images 
(Supplementary Fig. 1). 
For sample 14RF35-1 (monzogranite), the 
206
Pb/
238
U ages of 24 analyses range 
from 86 (± 1) to 80 (± 2) Ma, yielding a weighted mean 
206
Pb/
238
U age of 83 ± 1 Ma 
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(MSWD = 1.8) (Fig. 4b), which is interpreted to represent the crystallization age of 
the monzogranite (i.e., Late Cretaceous). 
For sample 14RF37-1 (syenogranite), twenty-one analyses yield a weighted mean 
206
Pb/
238
U age of 91 ± 1 Ma (MSWD = 1.9) (Fig. 4c) except for one zircon crystal 
that gives an age of 462 ± 4 Ma (Supplementary Table 1). The 91 Ma age is 
considered to represent the crystallization age of the syenogranite (i.e., Late 
Cretaceous), whereas the 462 ± 4 Ma age is interpreted to be the crystallization age of 
captured zircons entrained by the syenogranite. 
For sample 14RF37-6 (syenogranite), 23 analyses give 
206
Pb/
238
U ages ranging 
from 93 (± 1) to 91 (± 2) Ma, yielding a weighted mean 
206
Pb/
238
U age of 92 ± 1 Ma 
(MSWD = 0.25) (Fig. 4d), which is interpreted to represent the crystallization age of 
the syenogranite (i.e., Late Cretaceous).  
These age data indicate the Late Cretaceous–Paleocene granitoid magmatism in the 
southern section of the SAOB. 
 
4.2. Geochemistry 
4.2.1. Major elements 
The Late Cretaceous–Paleocene granitoids in the SAOB have similar major 
element compositions, i.e., SiO2 = 73.43–76.76 wt.%, total Fe2O3 (TFe2O3) = 
1.42–2.37 wt.%, Al2O3 = 12.22–13.48 wt.%, and Na2O+K2O = 8.34–9.02 wt.% 
(Supplementary Table 2). These granitoids are classified as subalkaline series in the 
total alkalis versus SiO2 (TAS) diagram (Fig. 5a). On the K2O versus SiO2 variation 
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diagram (Fig. 5b), they fall in the high-K calc-alkaline series. Their A/CNK values 
range from 0.97 to 1.03, indicating a transitional character from metaluminous to 
weakly peraluminous on an A/NK versus A/CNK diagram (Fig. 5c).  
These geochemical characteristics of the Late Cretaceous–Paleocene granitoids 
are similar to those of the coeval intermediate–acidic igneous rocks in the literature 
from the SAOB (Jahn et al., 2015) and NE China (Fig. 5; Ji et al., 2007; Xu et al., 
2013; Yu et al., 2013). 
 
4.2.2. Trace elements 
The 83 and 56 Ma monzogranites (14RF34 and 14RF35) are enriched in light 
rare earth elements (LREEs) and relatively depleted in heavy rare earth elements 
(HREEs) ([La/Yb]N = 5.49–12.1) with negative Eu anomalies (Eu/Eu* = 0.25–0.51) 
(Fig. 6a). On the primitive-mantle-normalized trace element spidergram these rocks 
are enriched in large ion lithophile elements (LILEs; e.g., Rb and K) and depleted in 
high field strength elements (HFSEs) such as Nb, Ta, and Ti (Fig. 6b).  
The 91 Ma medium-grained (14RF37-1, -2, -3, -4, and -5) and 92 Ma 
coarse-grained (14RF37-6, -7, -8, and -9) syenogranites from the same intrusion are 
enriched in LREEs and LILEs, and depleted in HREEs and HFSEs (Fig. 6). 
However, compared with the coarse-grained syenogranites ([La/Yb]N = 15.79–18.89 
and Eu/Eu* = 0.12–0.17), the medium-grained syenogranites have flatter REE 
patterns ([La/Yb]N = 3.08–5.30) and more pronounced negative Eu anomalies 
(Eu/Eu* = 0.05–0.07). The medium-grained syenogranites also have lower Ba 
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(25.1–45.8 ppm) and Sr (12.2–17.5 ppm) than the coarse-grained syenogranites (Ba 
= 132–150 ppm and Sr = 58.5–63.8 ppm) (Fig. 6).  
 
4.3. Zircon Hf isotopes 
Some zircon U–Pb dated spots on samples 14RF34-1, 14RF35-1, 14RF37-1, and 
14RF37-6 were analyzed for in situ Hf isotopes (Supplementary Table 3).  
The 
176
Hf/
177
Hf ratios for the ~ 56 Ma zircons in 14RF34-1 vary from 0.282807 
to 0.282944. Their εHf (t) values and two-stage model ages (TDM2) range from +2.4 to 
+7.1 and from 976 to 672 Ma, respectively. The ~ 63 Ma and ~ 69 Ma captured 
zircons in this same sample have 
176
Hf/
177
Hf ratios of 0.282864–0.282900, Hf (t) 
values of +4.6 to +5.8, and two-stage model ages (TDM2) of 843–763 Ma (Fig. 7a and 
b; Supplementary Table 3). The Hf (t) value for the 2640 Ma zircon is +0.8 
(Supplementary Table 3).  
The 
176
Hf/
177
Hf ratios for the ~ 83 Ma zircons in 14RF35-1 vary from 0.282700 
to 0.282818. Their εHf (t) values and TDM2 ages range from -0.8 to +3.4 and from 1204 
to 935 Ma, respectively (Fig. 7a and b; Supplementary Table 3). 
The 
176
Hf/
177
Hf ratios for the ~ 91 Ma zircons in 14RF37-1 and ~ 92 Ma zircons 
in 14RF37-6 vary from 0.282828 to 0.282935. Their εHf (t) values and TDM2 ages 
range from +3.9 to +7.6 and from 909 to 669 Ma, respectively (Fig. 7a and b; 
Supplementary Table 3). 
The Hf isotopic compositions of these selected zircons indicate that the majority of 
the analyzed zircons have εHf (t) > 0. 
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5. Discussion 
5.1. Late Cretaceous–Paleocene magmatic events in the Sikhote-Alin Orogenic 
Belt 
We consider the youngest ages or age populations to represent the crystallization 
timing of the plutons, whereas the older ages to represent the crystallization times of 
captured zircons entrained by the plutonic magmatism. The age spectrum of ~ 56, ~ 
83, ~ 91 and ~ 92 Ma indicate the long-lasting Late Cretaceous–Paleocene magmatic 
activity in the southern section of the SAOB. The zircons with ages of ~ 462 and ~ 
2640 Ma are best interpreted as captured zircons of ancient geological events.  
The Late Cretaceous–Paleocene magmatism is not restricted in the southern section 
of the SAOB, but is widespread in other parts of the eastern Asian continental margin 
(Fig. 1a). Although igneous rocks of the eastern Asian continental margin have been 
dated using various methods, we compiled only the ages of < ~100 Ma obtained using 
zircon U-Pb method. A recent study by Jahn et al. (2015) reported similar 
LA-ICP-MS zircon U-Pb ages of granitoids in the SAOB. The granitic rocks from the 
southeastern coastal areas of the SAOB were emplaced in the Late Cretaceous to 
Paleocene (83–57 Ma). The granitoids that occur along, or close to, the Central 
Sikhote-Alin Fault zone were emplaced in the Late Cretaceous (93–68 Ma). The 
granitoids in the northern part of the SAOB were emplaced from 92 and 58 Ma. In 
NE China, the Late Cretaceous magmatism is only found in Yanji and Tongjiang areas 
of the eastern Heilongjiang-Jilin provinces (EHJP; Fig. 1a). The formation ages of the 
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granitoids in Tongjiang area range from 95 Ma to 89 Ma (LA-ICP-MS zircon U-Pb 
ages, Yu et al., 2013), and the andesite and dacite in the Yanji area were emplaced 
from 97 Ma to 88 Ma (LA-ICP-MS zircon U-Pb ages; Ji et al., 2007; Xu et al., 2013). 
Taken together, the Late Cretaceous–Paleocene igneous rocks in the Russian Far East 
and NE China were formed in a long time period of ~ 40 Myrs (i.e., 97-56 Ma), and 
those with younger ages (83-56 Ma) are restricted to the coastal area. 
Moreover, the Late Cretaceous plutons are widespread in other parts of the eastern 
Asian continental margin. SIMS zircon U–Pb analyses indicate that andesitic and 
rhyolitic rocks from the Yucheon Group in the Gyeongsang Basin (GB) of South 
Korea reflect a ~ 20 Myrs of volcanic activity (94.4–78.4 Ma) with related granitoids 
of ~ 72 Ma in the Gyeongsang Basin (Fig. 1a; Zhang et al., 2012). The SHRIMP 
zircon U–Pb ages of both host granite and mafic magmatic enclaves in the 
Gyeongsang Basin are ~ 75 Ma (Hwang, 2011). Additionally, SHRIMP zircon U-Pb 
ages of the mafic rocks occurring either as dykes and pillow lavas set in the granitic 
matrix or as separate bodies of gabbroic cumulate from the Ryoke Belt in SW Japan 
are in the range of 86-71 Ma (Nakajima et al., 2004). The granitoids in the Ryoke 
Belt have Late Cretaceous zircon U-Pb isotopic crystallization ages of 96-75 Ma (Fig. 
1a; Herzig et al., 1998). The Hobenzan pluton containing tonalite and granitoids was 
emplaced at ~ 95 Ma in the San’yo Belt in SW Japan (LA-ICP-MS U–Pb zircon ages, 
Imaoka et al., 2014). Thus, the granitoid magmatism in South Korea and SW Japan 
occurred in the ~ 25 Myrs time period of 96-71 Ma (Late Cretaceous) with no 
younger Paleocene magmatism reported. 
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On the basis of statistics of literature age data of granitoids in the Mesozoic eastern 
China by Niu et al. (2015), the Late Cretaceous granites in South China were 
emplaced in the time frame of 100-90 Ma only in the coastal areas of Zhejiang and 
Fujian provinces. In summary, the youngest zircon U-Pb ages of the Late 
Cretaceous–Paleocene magmatism in South China, South Korea and SW Japan, and 
Russian Far East and NE China (from south to north) are ~90 Ma, ~71 Ma, and ~56 
Ma, respectively. These data show that the Late Cretaceous–Paleocene magmatism in 
the eastern Asian continental margin ceased gradually from south to north. 
 
5.2. Petrogenesis of Late Cretaceous–Paleocene granitoids 
Our Late Cretaceous–Paleocene granitoid samples contain >95% feldspar and 
quartz, with minor biotite being the only mafic mineral (<3%, Fig. 3). They do not 
have typical peraluminous minerals (e.g., muscovite, garnet and cordierite) and high 
temperature anhydrous minerals (e.g., pyroxene and fayalite) (Fig. 3). Furthermore, 
combined with the literature data (Jahn et al., 2015), the Late Cretaceous–Paleocene 
granitoids in the southern section of the SAOB are mainly metaluminous with all the 
samples having A/CNK < 1.1, suggesting these granitoids being I-type granites 
(Chappell, 1999; Chappell and White, 1992, 2001). Additionally, these granitoids 
have striking depletions in Ba, Sr, P, Ti and Eu (Fig. 6b), which is consistent with 
their high SiO2 as a result of significant fractional crystallization. The magmatic 
differentiation is more straightforward for the syenogranite (Sample 14RF37) with a 
relatively large range of SiO2. The obvious negative correlations between SiO2 and 
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Eu, Sr, and P of Sample 14RF37 (Supplementary Table 2; Wilson, 1991) suggest the 
significance of plagioclase and apatite fractionation. The coeval granitoids in the 
SAOB and EHJP are also of I-type and have undergone significant fractional 
crystallization (Fig. 5; Jahn et al., 2015; Yu et al., 2013). 
The new zircon εHf (t) values (–0.8 to +7.6) of this study and the values (−2.5 to 
15.5) in the literature for the granitoids of 92-57 Ma in the SAOB (Jahn et al., 2015) 
are relatively uniform (Fig. 7b). They are all indicative of significant mantle or 
juvenile lower crust contribution towards the petrogenesis of these granitoids because 
melting of mature continental crust would produce granitoids with εHf (t) < 0. 
Although it is convenient to ascribe the mantle-like isotopic characteristics to mantle 
peridotite melting for the petrogenesis of felsic magmas because wet mantle 
peridotite melting could produce high-Mg andesitic melts (O'Hara, 1965; Kushiro et 
al., 1968; Hirose, 1997), the amount of melt produced this way is too tiny to form the 
voluminous granitoids (Niu, 2005; Niu et al., 2013). It is also possible that granitoid 
melts could be formed by fractional crystallization of basaltic magmas, but again the 
classic volume problem remains against this possibility for the widespread and 
volumetrically significant granitoids (see Chappell et al., 2012; Zen, 1986). The 
presence of minor Maastrichtian–Paleocene basalt (of unknown age) in the SAOB 
(Grebennikov and Popov, 2014) cannot be used as evidence for this mechanism. 
Furthermore, the SAOB is in direct contact with the paleo-Pacific plate in the Late 
Cretaceou-Paleocene, where island arc basalts (IAB) could be produced. However, 
characteristically, IAB have elevated abundances of Sr (Elliott, 2003) and 
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plagioclase-dominated crystallization is ineffective in overcoming the variably large 
positive Sr anomalies (Sr/Sr* >> 1; see Fig. 4 in Niu et al., 2013), yet the 97-56 Ma 
SAOB granitoids have negative Sr anomalies. These observations effectively rule out 
the possibility of the origin due to fractional crystallization of basaltic magmas. The 
97-56 Ma SAOB granitoids do not have adakitic characteristics (Fig. 6), also 
excluding that they were derived from a juvenile oceanic crust (subducted slab). 
These granitoids have typical “continental signature”, e.g., enriched in LREE and 
LILE, depleted in HFSE. Together with their mantle-like isotopic characteristics, we 
consider that the magmas parental to these granitoids were derived from partial 
melting of juvenile lower continental crust. The heat source for crustal melting could 
be the underplated mantle-derived basaltic magmas.  
It is worth noting that the whole-rock εNd (t) values for these granitoids range 
from -4.1 to +0.5. These values are equivalent to εHf (t) = -5.15 to +1.99 in terms of 
terrestrial array (εHf = 1.55 x εNd + 1.21; Vervoort et al., 2011), and are significantly 
lower than their zircon εHf (t) values (−2.5 to 15.5) (Fig. 7; Jahn et al., 2015). Zircon 
εHf (t) values would record the isotopic composition of the evolving magma at the 
time of zircon crystallization (Jahn et al., 2015), whereas the whole-rock εNd (t) (or εHf 
(t)) values record the average isotopic composition of the whole evolving magma. 
Hence, the gap between whole-rock Nd and zircon Hf isotopes is best explained as 
resulting from assimilation of ancient crustal material after zircon crystallization. The 
corresponding whole-rock Hf isotope data are needed to test our explanation.  
In summary, the magmas parental to the Late Cretaceous-Paleocene granitoids 
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were derived from partial melting of a juvenile lower continental crust accompanied 
by assimilation with ancient crustal material during magma ascent and evolution.  
 
5.3. Late Mesozoic-early Cenozoic plate tectonics reconstruction of the eastern 
Asian continental margin  
It is generally considered that the Mesozoic granitoid magmatism in the eastern 
continental Asia was associated with the paleo-Pacific plate subduction and the 
spatial-temporal distribution of the granitoids has thus been used to discuss the 
tectonic evolution of the paleo-Pacific plate (Niu et al., 2015; Wu et al., 2011; Xu et 
al., 2013). It is thus necessary to reconstruct the late Mesozoic-early Cenozoic 
tectonics of the eastern Asian continental margin. The primary task is to determine 
the tectonic relationship among the continental China, the Japanese Islands and the 
Korean Peninsula. This is beyond the scope of this paper, but our data offer us 
important perspectives for future efforts and refinement. 
The Sea of Japan opened in the Miocene and has been explained as being caused 
by back arc spreading due to Pacific plate subduction (Otofuji et al., 1985). 
Consequently, the Japanese Islands were suggested to be a continental fragment rifted 
from the Asian continental margin (Barnes, 2003; Lee et al., 1999). The 
paleomagnetic data have been used to suggest that the landmass of SW Japan 
underwent clockwise rotation and thus must have separated from the Russian Far East 
(Otofuji, 1996). However, this interpretation is inconsistent with the basement rocks 
having the affinity with the Cathaysia Block in South China (vs. the anticipated North 
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China and Russian Far East). The age spectra of detrital zircons of the Jurassic clastic 
rocks of the Mino-Tanba accretionary complex in SW Japan suggest that the 
exposures of middle Paleozoic to early Mesozoic granitic batholiths in the Jurassic 
arc-trench system in SW Japan are likely derived from the Cathaysian margin of 
South China (Fujisaki et al., 2014). Additionally, by compiling Sr-Nd isotopic 
composition of the Late Mesozoic to Cenozoic granitoids in SW Japan, Jahn (2010) 
concluded that most of the granitoids are similar to those in Cathaysia. Taken together, 
the SW Japanese Islands were thought to have affinity to the Cathaysian margin of 
South China. However, Hida of SW Japan belonged to the North China Craton in the 
north, and Oki belonged to the Yangtze Craton in the south (Fig. 8a; Barnes, 2003). 
The geology and tectonic evolution of the Korean Peninsula have been thought 
to be closely related to the Chinese continent from the Archean to the present (Rogers 
and Santosh, 2006; Oh and Kusky, 2007; Zhai et al., 2007). The Hongseong Complex 
(HC) in the Gyeonggi Massif (GM) of the Korean Peninsula is likely an allochthon 
related to the Triassic collisional event like the Sulu Collisional Belt (Fig. 8b; Oh et 
al., 2005; Zhai et al., 2007). Hou et al. (2008) considered that a relatively complete 
Mesozoic collisional belt formed from the Imjingang Belt (IB) to the Okcheon Belt 
(OB), representing the eastward extension of the Sulu Collisional Belt on the Korean 
Peninsula (Fig. 8). Considering the coastal line similarity between the Korean 
Peninsula and Jiaodong Peninsula across the Huanghai Sea, we infer that the Korean 
Peninsula may have rift from the eastern Asian continental margin. The Jindo and 
Inchon of South Korea presumably correspond to Lianyungang and Rongcheng of 
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China, respectively (Fig. 8b). The timing of the rifting/opening can be ascertained 
from the opening time of Bohai and Huanghai seas surrounded by Liaodong, 
Jiaodong, and Korean peninsulas, which needs further exploration. 
On the basis of the data presented here together with the logical analysis 
following the work by Niu et al. (2015) and geological data in the literature, we have 
recently offered explicitly a testable hypothesis with illustrations on the origin of the 
Yellow Sea, i.e., “The Yellow Sea is a continent-rifted basin with buried basaltic 
seafloor basement although the said seafloor spreading must have ceased for some 
time.” (Niu and Tang, 2016). Figure 9a is a further illustration on the concept and 
hypothesis discussed above. The insights we gain here point to urgent needs of plate 
tectonics reconstruction in the greater northwestern Pacific region since the 
Mesozoic. 
 
5.4. Tectonic setting of Late Cretaceous-Paleocene magmatism in the eastern 
Asian continental margin 
The 97-56 Ma SAOB granitoids chemically belong to the high-K calc-alkaline 
series (Fig. 5a; Jahn et al., 2015). They are enriched in LREEs and LILEs, and 
depleted in HFSEs, consistent with being of subduction origin. The Late Cretaceous 
(97-88 Ma) granitoids, dacites and andesites in Tongjiang and Yanji areas of NE 
China with similar geochemical characteristics were interpreted to have formed in an 
active continental margin (Ji et al., 2007, Xu et al., 2013; Yu et al., 2013). 
Furthermore, the Late Cretaceous–Paleocene granitoids in the eastern Asian continent 
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are restricted to the continental margin, i.e., the Russian Far East and NE China 
(97-56 Ma), the South Korea and SW Japan (96-71 Ma), and the South China (100-90 
Ma). These granitoids and their spatial distribution are indirect but convincing 
evidence for the presence of the paleo-Pacific plate subduction beneath northeastern 
Asian continent in the Late Cretaceous–Paleocene. 
It is generally accepted that the eastern Asian margin has experienced successive 
seafloor subduction with occasional oceanic ridge subduction since the Paleozoic 
(Isozaki, 1996; Isozaki et al., 2010; Maruyama et al., 1997). However, this successive 
subduction model poorly explained the magmatic hiatus (Menzies et al., 2007; Xu, 
2001), continental-scale NW–SE shortening event (Charvet et al., 1994; Lapierre et 
al., 1997; Ratschbacher et al., 2003), and ubiquitous strike-slip features (Chen, 2000; 
Otsuki, 1992; Zhang et al., 2003; Zonenshain et al., 1990) in East Asia during the 
early Late Cretaceous (Yang, 2013). Therefore, Niu et al. (2015) proposed a logical 
hypothesis that the basement of the Chinese continental shelf (an exotic, buoyant and 
unsubductable mass) accreted to the southeastern continental China, hindering the 
further subduction of the paleo-Pacific plate. The termination of magmatism 
throughout the southeastern continental China at ~90 Ma indicates the cessation of 
crustal melting at this time. However, the interpreted mantle transition-zone slab 
dehydration would continue for some time (Niu et al., 2015). This trench jam was 
predicted to happen at ~100 Ma, and led to the re-orientation of the plate motion in 
the course of NNW direction as inferred from the age-progressive Emperor Seamount 
Chain of Hawaiian hotspot origin (its oldest unsubdued Meiji and Detroit seamounts 
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are ~82 Ma), resulting in a transform contact between the NNW moving paleo-Pacific 
plate and eastern Asian continental plate east of the newly accreted Chinese 
continental shelf (Fig. 8a; Niu et al., 2015). However, the presence of the younger 
granitoids (< ~ 90 Ma) in the SAOB and Korea-Japan area suggests that this same 
boundary to the north must be transpressional, allowing the NNW moving Pacific 
plate (Fig. 8a) to subduct obliquely beneath eastern Asian margin. Termination of the 
magmatism in South Korea and SW Japan at ~71 Ma suggests that the transpressional 
boundary may have evolved to true (?) transform contact by this time. We thus 
consider the Late Cretaceous-Paleocene magmatism in the Russian Far East, NE 
China, South Korea and SW Japan as a response to oblique subduction of the 
paleo-Pacific plate on an active continental margin.  
In summary, though the trench jam resulted in a transform boundary between the 
paleo-Pacific plate and the newly accreted Chinese continental shelf, this same plate 
boundary may be transpressional in its northern segment with continued subduction 
component responsible for the younger (as young as ~ 56 Ma) granitoid magmatism 
(Fig. 8a). 
It is worth noting that no Late Cretaceous-Paleocene magmatism is reported in 
NE Japan, showing magmatic discontinuity along the continental margin. 
Coincidentally, the Shimanto Belt, a Cretaceous accretionary complex, is also 
discontinuous between SW Japan and Hokkaido (Fig. 8b; Barnes, 2003). Presumably 
the eastern margin of NE Japan might have already been eroded into the trench by the 
subducting Pacific Plate. Different geological records in NE and SW Japan may be 
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due to the fact that Japan is located at the junctions of four distinct plates (i.e. the 
Eurasian, Pacific, North American, and Philippine Sea plates). At present, the Pacific 
plate is subducting at a rate of 10 cm/yr beneath NE Japan, while the Philippine Sea 
plate is subducting at a rate of 4 cm/yr beneath SW Japan (Isozaki et al., 2010). The 
fast subduction of the Pacific plate may lead to the erosion rather than accretion along 
the NE Japan. 
 
6. Conclusions 
The major conclusions of this paper are as follows: 
1. The primary magmas parental to the Late Cretaceous–Paleocene granitoids in the 
Sikhote-Alin Orogenic Belt were derived from partial melting of a juvenile lower 
crust accompanied by assimilation with ancient mature crust during magma 
ascent and evolution. 
2. The zircon U-Pb ages of the Late Cretaceous–Paleocene granitoids in the Russian 
Far East and NE China, the South Korea and SW Japan, and the South China 
range from 97 Ma to 56 Ma, from 96 Ma to 71 Ma, and from 100 Ma to 90 Ma, 
respectively, showing that the magmatism ceased gradually from south to north. 
3. Though the ~ 100 Ma trench jam resulted in a transform boundary between the 
paleo-Pacific plate and newly accreted Chinese continental shelf, this same plate 
boundary may be transpressional in its northern segment (the Russian Far East, 
NE China, South Korea and SW Japan) with continued oblique subduction, 
responsible for the younger granitoid magmatism. 
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4. The Russian Far East and NE China, Korea and Japan, and Chinese continental 
shelf constituted the eastern Asian continental margin before the opening of the 
Huanghai, Bohai and Japan seas, and their opening time and mechanism need to 
be further explored. 
5. The plate tectonics configuration of the greater northwestern Pacific region we 
propose here is not a conclusion, but a logical hypothesis to be tested. The ways 
to test the hypothesis is given by Niu and Tang (2016) in the context of 
discussing the within-continent rift origin of the Yellow Sea. 
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Figure captions 
Fig. 1. (a) Simplified tectonic divisions of the northeastern Asian continent (modified 
after Barnes, 2003; Sorokin et al., 2010a; Sun et al., 2013; Wu et al., 2011) and the 
distribution of Late Cretaceous-Paleocene igneous rocks in the Russian Far East, NE 
China, SW Japan, and South Korea (Data from Herzig et al., 1998; Hwang, 2011; 
Nakajima et al., 2004; Jahn et al., 2015; Ji et al., 2007; Xu et al., 2013; Yu et al., 2013; 
Zhang et al., 2012). (b) Principal tectonostratigraphic terranes in the SAOB (modified 
after Jahn et al., 2015; Kruk et al., 2014). CSAMB = Central Sikhote-Alin magmatic 
belt; ESAVPB = East Sikhote-Alin Volcanic-Plutonic Belt; SAOB = Sikhote-Alin 
Orogrnic Belt. 
 
Fig. 2. Detailed geological map of the study area in the southern section of the 
Sikhote-Alin Orogenic Belt (after 1:1,000,000 geological map of Russian Far East). 
 
Fig. 3. Photomicrographs (crossed polarized light) showing typical textures of 
granitoid samples of this study. (a) Monzogranite (sample 14RF34-1); (b) 
Monzogranite (sample 14RF35-1); (c) Syenogranite (sample 14RF37-1); (d) 
Syenogranite (sample 14RF37-6). Afs = alkali feldspar; Bi = biotite; Pl = plagioclase; 
Q = quartz; Ttn = titanite. 
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Fig. 4. Zircon U–Pb concordia diagrams and the representative zircon 
Cathodoluminescence (CL) images for the Late Cretaceous–Paleocene granitoids 
within the southern section of the Sikhote-Alin Orogrnic Belt. 
 
Fig. 5. Plots of SiO2 versus Na2O+K2O, SiO2 versus K2O, and A/CNK [molar 
Al2O3/(CaO + K2O + Na2O)] versus A/NK [molar Al2O3/( K2O + Na2O)] for the Late 
Cretaceous–Paleocene granitoids within the southern section of the Sikhote-Alin 
Orogrnic Belt (SAOB). The field boundaries in the three types of diagrams are from 
Irvine and Baragar (1971), Peccerillo and Taylor (1976), and Maniar and Piccoli 
(1989), respectively. Our samples are highly evolved with SiO2 > 73 wt%. For 
comparison, plotted also are the literature data (open pink circles) on the coeval 
granitoids from the SAOB and the adjacent Eastern Heilongjiang-Jilin Provinces 
(EHJP) (Jahn et al., 2015; Yu et al., 2013). 
 
Fig. 6. (a) Chondrite-normalized REE and (b) primitive-mantle-normalized trace 
element variation diagrams for the Late Cretaceous–Paleocene granitoids in the 
southern section of the Sikhote-Alin Orogrnic Belt. Chondrite and primitive mantle 
values are from Boynton (1984) and Sun and McDonough (1989), respectively. 
 
Fig. 7. (a) and (b) Co-variations between zircon Hf (t) values and zircon ages and (c) 
co-variation between whole-rock Nd (t) values and zircon ages for the Late 
Cretaceous–Paleocene granitoids in the Sikhote-Alin Orogrnic Belt; CAOB = Central 
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Asian Orogenic Belt; YFTB = Yanshan Fold and Thrust Belt (Yang et al., 2006); The 
pink open circles, as in Fig. 7, represent the coeval granitoids in the Sikhote-Alin 
Orogrnic Belt (Jahn et al., 2015).  
 
Fig. 8. (a) The Late Cretaceous-Paleocene paleogeographic reconstruction of the 
eastern Asian continental margin (modified from Niu et al., 2015; Sorokin et al., 
2010a; Sun et al., 2013). The collision of the unsubductable mass of the Paleo-Pacific 
plate (an oceanic plateau or micro-continent) at ~ 100 Ma jammed the trench located 
at the SE China coastal line, amalgamating to form the present-day East and South 
China Sea continental shelf of exotic origin (Niu et al., 2015). This event re-oriented 
the Pacific plate motion towards NNW and transformed its prior NW subduction 
boundary with eastern Asian continent into a transform boundary east of the 
continental shelf. This ended the granitoid magmatism on continental China at ~ 90 
Ma (Niu et al., 2015), but oblique transform/subduction nature of the Sikhote-Alin 
Orogenic Belt and Korea-Japan to the north led to the continued granitoid for some 
time. The Russian Far East and NE China, Korea and Japan, and South China 
constituted the eastern Asian continental margin before the opening of the Huanghai, 
Bohai, and Japan seas. The blue dashed line represents the outline of the future Korea 
Peninsula. (b) The present-day geography of the eastern Asian continental margin. 
The red and pink dashed lines represent the tearing path of the Korean Peninsula from 
continental margin (modified from Niu et al., 2015; Sorokin et al., 2010a; Sun et al., 
2013). RM = Rangnim Massif; GM = Gyeonggi Massif; YM = Yeongnam Massif; IB 
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= Imjingang Belt; OB = Ogcheon Belt; GB = Gyeongsang Basin; HC = Hongseong 
Complex; SCS = South China Sea; ECS = East China Sea. 
 
Supplementary Fig. 1. Cathodoluminescence (CL) images of zircons selected for 
analysis from the Late Cretaceous–Paleocene granitoids in the southern section of the 
Sikhote-Alin Orogrnic Belt; circled numerals on the images indicate analysis spots 
and the data below the images give the ages. 
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Research Highlights 
 K2-E1 granitoids are identified at the southern end of the SAOB.  
 Their magmas were derived from partial melting of a juvenile 
crust assimilated by ancient material. 
 K2-E1 granitoids indicate the oblique subduction of the 
Paleo-Pacific plate. 
